Abstract In manufacturing three-dimensional SiC power modules, the Al electrode of SiC power devices should be soldered to the substrate. However, the Al electrode is difficult to be bonded by a solder due to the naturally formed aluminum oxide on it. In this paper, we describe an effective approach for soldering the non-wettable Al electrode by fabricating a Au-stud bump in the Al electrode together with a Au-20 wt% Sn or Au-12 wt% Ge solder. The soldering initiated at the Au bump and spreaded on the Al electrode. The soldering featured as reactive wetting, realized by the reaction of liquid Au in the Au-base solder and the Al electrode. The activation energy of the Au-20 wt% Sn soldering the Al electrode was Q =159 kJ/mol. A continuous Au 4 Al layer formed at the Au-20 wt% Sn bond interface. The shear strength exceeded 60 MPa, ∼1 order magnitude higher than the required shear strength. For the bond with Au-12 wt% Ge solder on the Al electrode with a Au bump, the liquid Au-12 wt% Ge solder reacted with the solid Al electrode and formed a Au-Ge-Al solid solution after solidification. The shear strength of the Au-12 wt% Ge solder on the Al electrode with a Au bump was beyond 50 MPa. Little electrical characteristics of the SiC-SBD changed after the Al electrode was bonded to a circuit substrate using this technology.
Introduction
Development of the next-generation energy-saving and miniaturized power converters using the newly developed lowpower conversion loss and high-temperature resistant SiC power devices is under way worldwide [1] . The SiC power devices can operate above 200°C and can withstand reflow temperature of 500°C [2] . The upside electrodes of almost all the SiC and Si power devices are metalized with Al or its alloys for its desirable properties such as ease of patternability, high conductivity, and good adherence [3, 4] . At present, twodimensional (2-D) fabrication technology is the mainstream in power electronics manufacture with Si power devices. The Al electrodes are connected to the electrode in the substrate or other devices with Al or Au wires using ultrasonic energy and a pressure [3, 5, 6] . There are urgent requirements of miniaturized power modules. Three-dimensional (3-D) integration of power modules using SiC power devices makes it possible to miniaturize the volume of power modules by providing double-side heat dissipation and reducing electrical noise [7, 8] . In fabricating a 3-D power module, the upper and lower side electrodes of power devices should be soldered to the substrates. However, Al is very reactive with atmospheric oxygen, and a thin and chemically stable Al oxide film (∼4 nm thickness) immediately forms on any exposed aluminum surface [9, 10] . This aluminum oxide film hinders the bonding of a solder to the Al electrode.
Although solderablity of the Al electrode can be realized by photolithography wafer process combined with electroplating, evaporation, zincate pretreatment, and Ni electroless deposition followed by Au electroless plating, single chip with Al electrode is unsuitable [11, 12] . Further, the process is complex and cost-ineffective. It is difficult to apply electroplating or electroless plating process or physical vapor deposition to deposit solderable metal pads on single chip. However, most of the devices are supplied as discrete chips. The Sn3.5Ag4Ti(Ce,Ca) with a melting point (M.P) of ∼220°C has ever been reported to be able to solder Al alloys [13, 14] . The soldering temperature above 800°C is so high that could damage the SiC power devices and exceeds the M.P of the Ag-Cu-Ti bond for the Cu pattern layer on the ceramic substrate. Further, the M.P of this solder is too low to endure the operation temperature above 200°C. Sn-3.5Ag-xTi was used to bond the Al alloys at 250°C. But a two-step soldering process is needed by brushing the bonded solder pad formed in the first step soldering. Sn-xZn solders (M.P=198.5°C) have ever been reported to be able to bond the Al alloys [15] [16] [17] . The M.P of all these solders is too low to be used in high temperature electronics (>200°C). Au-20 wt% Sn eutectic solder (M.P=278°C) and Au-12 wt% Ge eutectic solder (M.P=356°C) are extensively used in high-power electronics and optoelectronics packaging. These Au-based solders feature as good mechanical properties, high electrical and thermal conductivity along with excellent corrosion resistance [18, 19] . In this paper, we describe a new method for soldering an Al electrode using Au-based solders together with fabricating a tinny Au bump (∼80 μm diameter) in the Al electrode. The reactive wetting between the Au-based solders and the Al electrode, the wetting rate, the active energy of the reactive wetting, and the bond strength were investigated.
Experimental procedures
SiC Schottky Barrier Diode (SBD) power device (reverse voltage 1,200 V; continuous current 20 A) chips with an Al upside electrode (anode) were used in this experiment. The Al electrode has an area of 2.13 L×2.13 W (mm 2 ) and a thickness of 4 μm. Beneath the Al electrode is a thin tungsten (W) layer. A 25-μm-diameter Au-1 wt% Pd wire was used to form the Au bumps in the Al electrode using a Au stud bump bonder (model, SBB-1, Shinkawa Co., Ltd, Japan). The Au stud bumps were prepared with a forming voltage of 2,200 V and a current of 4 mA at 300°C in air. The Au bump had a base diameter of 82 μm. Since the surficial status of the Al electrode has strong influence on the spreading behavior of a liquid alloy [20] , the Al electrode without heavy scratches were used.
Solder pastes are commonly used in electronics manufacturing for their flexibility in bonding pads with different sizes and configurations, in addition to the surface cleaning effect of the mixed flux. The Au-20 wt% Sn (M.P, 278°C, hereafter denoted as Au-20Sn) eutectic solder paste was used to bond the Au-bumped Al electrode in this research work. The Au-20Sn solder paste contains Au-20Sn particles with diameters <32 μm. The Au-20Sn paste was dispensed on the Au-bumped Al electrode of SiC-SBD. Then, the SiC-SBD device was placed in a reflow analyzer system (Model:VISTA 7, Okuhara Electric Cop., Japan; maximum reflow temperature, 350°C). The reflow was performed in N 2 atmosphere (oxygen content <16 ppm). The ramp-up rate from soak temperature to reflow temperature was 1°C/s. The cooling rate after reflow was ∼3°C/s. The reflow temperature was set to be 300, 320, 330, and 340°C, respectively. Four milligrams solder paste was used for each reflow temperature. The images of the solder ball were recorded by a CCD camera during reflow. The area of the image of the solder ball was measured using Bersoft Image Measurement software. The radius of the image was calculated from the measured area. The bond strength of the solder to the Al electrode was measured using a die shear tester (Model 4000, Dage Holdings, Ltd., UK). The tests were carried out at room temperature with a displacement rate of 150 μm/s. To investigate the cross-sectional microstructure of the bond of the solder on the Al electrode, some of the soldered specimens were fractured. The microstructure of the specimens was also observed and analyzed with the scanning electron microscope (SEM, LEO/EEiSS GEMINI FE-SEM, Model Supra 35, Carl Zeiss SMT Ltd., Germany) equipped with an energy dispersed X-ray analyzer (EDX, Genisis Spectrum, Model LEO 35, EDXA Ltd., USA).
For comparison, the Pb-10 wt% Sn high temperature solder paste (solidus temperature, 275°C; hereafter termed as Pb10Sn) and Sn-3Ag-0.5Cu (wt%) eutectic solder paste (M.P, 217°C; hereafter termed as Sn3Ag0.5Cu) were used to solder the single Au-bumped Al electrode (hereafter denoted as SA-BA), respectively. The reflow was carried out with the reflow analyzer system. The reflow peak temperature and time for Pb-10Sn and Sn-3Ag-0.5Cu were 350°C for 200 s and 250°C for 200 s, respectively.
The Au-bumped Al electrode was also bonded using a high temperature solder Au-12 wt% Ge eutectic solder paste (M.P, 356°C; hereafter denoted as Au-12Ge). This paste contains Au-12Ge alloy particles with diameters <32 μm. The reflow process was carried out at 430°C for 180 s with a high temperature vacuum reflow system (Model SRO-704, ATV Technology GmbH, Germany; maximum reflow temperature, 500°C). The SiC-SBDs with the SABA were bonded to a Cu/Ni (P)-metalized Si 3 N 4 substrate with the Au-12Ge solder paste in a N 2 atmosphere. The shear strength of the bond was tested at room temperature. The cross sections of the bond were observed and analyzed with SEM/EDX.
In order to investigate the alloying effect of the Au-based solders with the Al electrode, Au-20Sn and Au-12Ge solder sheets were used to bond the SABA by a reflow process without flux. The reflow was performed in the vacuum reflow system. The reflow was conducted at 350°C for 120 s and 430°C for 120 s for the Au-20Sn solder and Au-12Ge solder sheets, respectively. The surficial and fracture morphologies after reflow or after shear test were investigated with SEM/EDX.
To evaluate the electrical characteristics of the SiC-SBD after its SABA was bonded to a Cu(300 μm)/Ni (P)(5 μm)/Au (0.05 μm)-metalized Si 3 N 4 (320 μm) ceramic substrate (the value in the parenthesis represents the thickness), the forward current-forward voltage (I F −V F ) curves and reverse currentreverse voltage (I R -V R ) curves were measured with a highpower curve tracer (model, 371A, Tektronix, Inc., USA). To protect the guard ring on the periphery of the anode of the SiC-SBD, the SABA was bonded to a Au-top-metalized Cu electrode spacer with a size of 1 L×1 W×0.4 T (in millimeter). The Cu electrode spacer was fabricated on the Cu/Ni (P)/Aumetalized Si 3 N 4 ceramic substrate with Au-12Ge solder. Figure 1 shows the schematic of the experimental conditions and methods of the electrical test. The anode and the cathode of the electrical power were connected to the anode and cathode of the SiC-SBD, respectively (Fig. 1a) . The voltage was applied and increased. The measured I-V curve was the I F -V F curve, which gives the on-state resistance (Ron) from the slope of the curve. Reversely, the cathode and anode of the electrical power were connected to the anode and cathode of the SiC-SBD, respectively (Fig. 1b) . The measured I-V curve was the I R -V R curve, which represents the capability of withstanding the reverse voltage.
Results
Bonding with Au-20Sn paste Figure 2 shows the morphology of the SABA after reflow with different solders. Panels a and b of Fig. 2 present the morphology of the SABA after reflow with Pb-10Sn paste at 350°C for 200 s and Sn-3.5Ag-0.5 Cu paste after reflow at 250°C for 200 s, respectively. Upon reaching the solidus temperature of the Pb-10Sn solder or the M.P of the Sn-3Ag-0.5Cu solder, the solder melted and formed a ball in the Au bump. Then, the solder ball moved freely on the Al electrode, without any bonding to the Al electrode. During reflow, the Au bump was dissolved into the solder, left a Au bump's root in the Al electrode. This means that Pb10Sn and Sn-3Ag-0.5Cu solder pastes could not bond the SABA.
Panels c and d of Fig. 2 show the morphologies of the Al electrode without and with a Au bump after reflow with the Au-20Sn solder at 340°C for 60 s, respectively. As shown in Fig. 2c , the Au-20Sn solder does not bond the Au bump-free Al electrode. During reflow, the molten solder formed a metallic ball and randomly moved on the surface of the Al electrode, without bonding to the Al electrode. However, for the Al electrode with single Au stud bump in its center, a Au-20Sn metallic ball formed upon the solder melted and was immediately trapped by the Au bump. The soldering initiated at the Au bump and then spreaded on the Al electrode. Figure 3 illustrates the shear strength of the Au-20Sn solder on the Al electrode as a function of number of the Au bumps. The shear strength was calculated through dividing the shear force by the bonding area, which was measured by a digital microscope. Three samples were used for each number of Au bumps. The shear strength was not significantly affected by the number of Au stud bumps. This is due to, as will be shown in Figs. 4 and 5, the spreading rate of the Au20Sn solder on the SABA at 340°C was high and a Au bump was sufficient to complete the reaction. The shear strength exceeds 60 MPa, ∼10 times higher than the required strength limit [21] . Figure 4a shows the cross-sectional fracture morphology of the Al electrode with a Au bump bonded with the Au-20Sn solder. The soldering was carried out at 340°C for 60 s. The Au in the liquid solder reacted with the Al electrode forming a Au 4 Al intermetallic compound (IMC) at the interface between the solder and the W layer. The Au 4 Al layer exhibits a columnar structure. Reaction of Au with Al resulted in depletion of Au in the Au-20Sn solder. The AuSn (δ phase) in the solder is a hypereutectic phase, formed mainly due to the deviation from the eutectic composition. Figure 4b presents the interfacial morphology of the solder and the SiC-SBD after shear test. The Au 4 Al layer was observed at the Au-20Sn/W interface. Au 4 Al IMC was also observed at the center of the interface (Fig. 4c) . The spreading of the solder on the Al electrode is determined by the lateral Variations of the base radius of the Au-20Sn solder ball as a function of reflow time at various temperatures are shown in Fig. 6a . The reactive spreading rate generally exhibits a linear law [20, [22] [23] [24] . The solid lines plotted in the figure are the least-square fits of the data. The spreading rates are revealed in the slope of the lines. The spreading rate increases rapidly with increasing soldering temperature. This indicates that the spreading of Au-20Sn solder on the SABA is a thermally activated process. The spreading rate for a reactive wetting is described as Eq. (1) [20, 24] .
Where dR/dt is the spreading rate, k is a constant, Q is the activation energy for the spreading, R* is the universal gas constant, T is the temperature in Kelvin. The spreading rates were plotted with 1/T, as shown in Fig. 6b . The soldering temperature has strong effect on the spreading rate. The spreading rate increased approximate 1 order magnitude when the soldering temperature was increased from 320 to 340°C. At a lower reflow temperature as shown in our previous work [25] , because of the low reaction rate of Au-20Sn solder with Al electrode, several hundreds of Au bumps were necessary to reach a high bond strength. This was cost-ineffective. At a higher reflow temperature as described in this work, a single Au bump was enough to reach a high bond strength due to the high reaction rate between the solder and the Al electrode.
The activation energy was calculated by fitting the data in Fig. 6b with Eq. (1). The activation energy is Q=159 kJ/mol. The spreading rate for Au-20Sn solder on the Al electrode can be expressed as Eq. (2) based the data in Fig. 6b , with a unit of meter/second.
Bonding with Au-12Ge paste Fig. 7 reveals that the composition of the Au-Ge solder was 33Au-67Ge-5Al (at.%). This means that Al was dissolved into the Au-Ge solder after reflow. Figure 8 illustrates the elemental mapping of Au, Ge, and Al in the fractured surface of SABA after shear test. Al was detected in the Au-Ge solder. This indicates that Al dissolved into the Au-Ge solder during reflow and dispersed in both the Au-rich phase and the Ge-rich phase after solidification. Figure 9 shows the SEM micrograph of the interfacial morphology of the SABA after shear test. At the interface of the Au-12Ge solder and SABA, the specimen fractured in the Au-Ge (Al) solder near the W diffusion barrier. Figure 10 depicts the shear strength of the SiC-SBD bonded on the Cu/Ni (P)-metalized Si 3 N 4 substrate with Au-12Ge solder as a function of number of the Au bumps. The shear strength exhibits a value beyond ∼50 MPa. The larger scatter of the shear strength may be due to the fact that some chips were destroyed during shear test which resulted in low shear strength. Similar to the bond with the Au-20Sn solder on the SABA, the bond strength of the Au-12Ge solder on the SABA was not significantly affected by the number of Au bumps. This is due to, as shown in Figs. 8 and 9 , the reaction between the Au-12Ge solder and the Al electrode initiated at the Au bump during reflow, and a Au bump was sufficient to complete the reaction at a higher reflow temperature.
Bonding with flux-free solder Au-20Sn and Au-12Ge
To confirm the fact that the bond of the SABA with Au-based solders is realized by the reaction of the Au in the Au-based solder rather than the flux in the paste, the SABA was bonded with the Au-20Sn and Au-12Ge sheets in the vacuum reflow system, respectively. No flux was used. Figure 11a shows the surficial morphology of the wetting front of the Au-20Sn solder sheet after reflow at 350°C in N 2 for 120 s. The solder bonded the Al electrode well. EDX analysis in the surface of the solder reveals that the solder has a composition of Au25Sn-9Al (at.%). Since the solder, as shown in Fig. 11b , is ∼5 μm thick and the EDX analytical depth is ∼2 μm, the detected Al was from the solder. This indicates that Al dissolved into the solder. Figure 11b shows the cross-sectional morphology of the Au-bumped Al electrode reflowed with the Au-20Sn solder at 350°C for 120 s. The cross-sectional morphology is similar to that of the SABA bonded with the Au-20Sn paste (Fig. 4a) . Al dissolved into the Au-20Sn solder to form a Au-Sn (Al) solder. Au 4 Al was detected with SEM/ EDX at the interface between the solder and the W diffusion barrier. This indicates that the bonding of the solder to the Al electrode was attributed to the alloying effect of the Au-20Sn solder rather than the flux. Figure 12a shows the fracture morphology of the wetting front of the Au-12Ge sheet bonded on a SABA at 430°C in N 2 for 120 s. No flux was used. Al dissolved into the solder. The solder bonded the W diffusion barrier well. EDX analysis in the fractures surface of the solder reveals that the solder has a composition of 23Au-63Ge-14Al (at.%). Figure 12b shows the EDX spectra of the outlined area with dash lines in Fig. 12a . An Al spectrum was clearly detected in addition to Au and Ge spectra. These results reveal that the reaction of Au in the Au-based solder with the Au-bumped Al is responsible for the wettability.
Electrical characteristics
The SiC-SBDs handle the power energy by having the current flow from the anode to the cathode while blocking it from the cathode to the anode. The electrical characteristics of SiC-SBD are characterized by I F −V F and I R −V R curves. A guard ring on the periphery of the anode of the SiC-SBD is needed for improving the blocking voltage [26] . Hence, to protect the guard ring of the device, space between the guard ring and substrate should be prepared. The Au-top-metalized Cu electrode spacer on the metallic layer of the substrate could meet this requirement. Figure 13 shows the optical morphology of the substrate with a Cu electrode spacer on the Cu/Ni (P)/Aumetalized Si 3 N 4 ceramic substrate for bonding the SABA. The Cu electrode was bonded to the metallic layer of the substrate with Au-12Ge solder. A space of ∼0.4 mm between the guard ring of the SiC-SBD and the metallic layer was formed after reflow with the Au-20Sn solder.
Panels a and b of Fig. 14 show the I F -V F and I R -V R curves of the SiC-SBD with its Al electrode bonded by the Au-20Sn solder on a Cu/Ni(P)/Au-metalized Si 3 N 4 substrate, respectively. The space between the guard ring and the substrate was filled with silicon epoxy underfill. Very little change was observed in the I F -V F curves before and after soldering the SABA (Fig. 14a ). The leakage current was very low, <9 μA even at 1,200 V (Fig. 14b) . This means that the SiC-SBD had high blocking voltage after its Al electrode was soldered to a substrate with a Cu electrode spacer. These results reveal that little electrical characteristics of the SiC-SBD changed after its Al electrode was bonded to a substrate using this technology.
The SABA was also bonded to the Cu electrode spacer which had already been bonded to the Cu/Ni(P)/Au-metalized Si 3 N 4 substrate with the Au-12Ge solder. The space between the gard ring and the substrate was also filled with silicon epoxy filler. As the case of Au-20Sn bonded SABA, very little change in the I F -V F curve was observed. The Ron changed from the 50.2 to 50.5 mΩ. The leakage current measured from the I R -V R curve at 1,200 V was very low, ∼3 μA. Hence, it can be established that very little change occurred after the SABA of the SiC-SBD was bonded to a substrate with a Cu electrode spacer with the Au-12Ge solder, as the case of the Au-20Sn bonded SABA.
Discussion
The Pb-based solder was unable to bond the SABA. This is due to the fact that this solder has less reactivity with Al. The eutectic Al-Pb-Sn only contains 0.08 wt% Al [27] . That is to say, in view of thermodynamics, very little amount of Al is dissolved in the Pb-Sn solder. Hence, the Pb-Sn solder almost did not react with the Al electrode at the Au bump. As a result, the Pb-10 wt% Sn solder did not bond the Al electrode. For the Sn-based solder bonding on the SABA, as neither Sn-Al IMC nor Sn-Al solubility exists at room temperature in the Al-Sn binary phase diagram [28] , the Sn-based solder is difficult to react with the Al electrode. Although Al can react with Ag, the activity of Ag in the solder was not enough to form a Ag-Al intermetallic or to form a Ag solid solution under the reflow conditions. Hence, the Sn-based solder is hard to be used to bond the SABA.
Unlike the Pb-based and Sn-based solders, Au in the Aubased solders can react with Al to form the solid solution and the Au-Al IMCs. Figure 15 shows the schematic of the reactive wetting of the Au-20Sn solder on an Al electrode with a tinny metal block (TMB) such as a Au bump. During reflow, a solder ball forms and immediately fixed by the wettable TMB (Fig. 15a) . Since the aluminum oxide film is disrupted at the TMB, reaction between the liquid Au in the molten solder and solid-state Al becomes possible. The reaction initiates at the TMB. The thin aluminum oxide film is destroyed with the progress of the reaction. A continuous Au 4 Al IMC layer forms at the interface between the solder and the W layer (Fig. 15b) . With reactive spreading of the Au-based solder on the Al electrode, the device is bonded by the Au-based solder (Fig. 15c) . The wetting behavior of the Au-20Sn solder on the SABA is similar to that of spreading of Cu-40 at.% Si alloy on vitreous carbon [20] . In this system, wetting is prompted by the formation of a continuous Au 4 Al layer with an active energy of 159 kJ/mol.
During reflow of Au-12Ge solder on the SABA, the reaction of liquid Au-Ge solder with Al initiated at the Au bump. With increasing reflow time, the Al dissolved into the Au-Ge solder forming a ternary alloy of AuGe-Al. The Au-Ge-Al solder wetted the W diffusion barrier of the SiC-SBD. After solidification, the solder bonded the W diffusion barrier, resulting in bond of the SiC-SBD by the Au-Ge-Al solder.
To insure the high blocking voltage of the SiC-SBD, a space between the guard ring of the device and the substrate are needed. Since wetting of the solder on the SABA initiate at the TMB and the solder spreads with a spreading rate as described in Eq. (2), the soldering area can be controlled by the reflow temperature and time. Hence, a reflow temperature and time can be set to allow the solder unable to reach the guard ring. On the other hand, a Cu electrode spacer on the substrate with a size smaller than the SABA can make sure a space between the SABA and the substrate.
Conclusions
The non-solderable Al electrode can be soldered by the Aubased solders along with fabricating a TMB in the Al electrode. Soldering initiated at the TMB (e.g., a Au bump) and a reactive spreading pervaded on the Al electrode. A continuous Au 4 Al intermetallic compound layer formed at the bonding interface by reaction of the liquid Au from the Au-20Sn solder with the solid Al electrode. The activation energy of the Au20Sn soldering the single Au-bumped Al electrode is Q = 159 kJ/mol. The shear strength exceeded 60 MPa, ∼10 times higher than the required strength limit. Similarly, the Au-12Ge solder reacted with the Al electrode resulting in a bonding of the Au-12Ge with the SABA. The shear strength of the Al electrode by the Au-12Ge solder was beyond 50 MPa. The reaction of Au in the Au-based solder with the Au-bumped Al is responsible for the wettability. Little electrical characteristics of the SiC-SBD changed after bonding the Al electrode using this technology.
